A carbon nanotube (CNT) cross is a structure consisting of two CNTs with one draped over the other at an angle. Because of the localized mechanical deformation induced at the intersection point, the electronic properties of the nanotubes in a cross could vary significantly compared with those of intact nanotubes, potentially leading to the formation of nanoscale quantum dots.
Introduction
Because of their remarkable properties, carbon nanotubes (CNTs) have attracted considerable attention over the past two decades. Their extremely small diameter (down to less than a nanometre), combined with lengths that can be on the order of hundreds of micrometres or even millimetres, as well as the rich variety of their electronic properties, all make CNTs promising candidates for building quantum electronic devices.
A CNT cross is a structure made of two CNTs crossing each other. The mechanical alterations induced in each nanotube in this structure make their electrical and electronic properties different from those of a straight CNT. Since the intersection area of the two CNTs is very small and thus the change in the mechanical and electronic properties is highly localized [1, 2] , quantum confinement is expected to play a crucial role in electron transport through this structure, even at room temperature.
The relationship between mechanical deformation and change in the electronic properties of CNTs has been studied both by simulation [3] [4] [5] [6] [7] [8] , and also experimentally [9, 10] . Strain can increase or decrease the band gap of semiconductive CNTs depending on their chirality. The band gap of metallic zigzag tubes opens up under strain but armchair tubes are more stable. Cross sectional deformation of CNTs can result in semiconductormetal or metal-semiconductor transitions in different tubes. Although no transition occurs as a result of uniform bending, at higher angles, bending can result in kinks that can cause severe localized alterations in the electronic properties of a tube (for a detailed description see [11] ).
The top CNT in a cross structure is subject to all of the above mechanical perturbations. Although there have been experimental efforts to investigate the electronic modifications of the top CNT in the cross structure using scanning tunnelling microscopy [1, 12] , a thorough simulation study can help us understand the properties of this structure better. We have previously explored the potential of this structure as a quantum device by showing the nanoscale nature of the electronic confinement [2] .
In this paper, we report a simulation study of electronic transport through an armchair nanotube in a cross structure and compare it with that in a straight nanotube. The study was done for two different armchair nanotubes- (5, 5) and (6, 6) . We used molecular dynamics (MD) simulations to determine the physically viable configurations of a relaxed CNT cross. First-principles simulations were then used to calculate the effect of the resulting mechanical deformation of the top CNT on its electronic properties. Transport simulations through the nanotubes were performed using a Green's function-based approach to obtain the current-voltage characteristics of the devices.
Methodology
To determine the relaxed geometry of the CNT cross structure, MD simulations with adaptive intermolecular reactive empirical bond order (AIREBO) potentials [13] were performed using the NANOHIVE-1 software [14] . These potentials are well established for modelling intermolecular interactions in condensed-phase hydrocarbon sets. A real nanotube cross device would typically be lying on a substrate such as silicon or amorphous silicon dioxide. However, due to the difficulty of simulating such substrates, instead we used a graphene sheet as substrate. This seems to be a reasonable approximation due to the similar nature of the forces (Van der Waals) between a nanotube and graphene or silicon or oxide. Moreover, Hertel et al have shown that the calculated van der Waals binding energy of a CNT on a graphene sheet is in good agreement with the experimental values found for the binding energy of CNTs on a passivated silicon surface [15] . In addition, our main focus is on the qualitative study of the device behaviour, rather than exact, quantitative prediction. Lastly, we studied a wide range of deformations and our results can also provide insight into what to expect if substrates with different strengths of interaction with nanotubes are used.
The CNTs were placed perpendicular to each other and the top CNT was parallel to the zigzag edge of the graphene sheet. For the simulations, the bottom nanotube was initially placed parallel to the graphene substrate at a distance of 3.3 Å, which is the separation between graphene sheets in graphite. The position of this nanotube turned out to be quite steady during the simulations because of Van der Waals forces with the substrate. Since the intermolecular interactions in the AIREBO potentials are relatively short range, and also in order to reduce the simulation time, the geometry of the top nanotube was initially modified to be as close as possible to the expected final shape. Based on the available experimental reports of the top CNT profile in a cross structure using atomic force microscopy (AFM) [12, 15, 16] , a Gaussian mapping was chosen as a good approximation of the top CNT profile. Two variables that needed to be determined for the mapping function were its height and full width at half maximum (FWHM). FWHM quantifies the length of the section of the top CNT which is not in contact with the substrate. The height was calculated by adding the bottom CNT diameter, the distance between the bottom CNT and the substrate, and the distance between the top and bottom CNTs (both were assumed to be 3.3 Å, as justified above). Unlike for the height, there is no preferred value for the FWHM and it can be set arbitrarily as long as the top nanotube is on (and not in) the bottom one. Experimentally, the initial FWHM depends on how the top nanotube first falls on the substrate, which can be different in different cases. To cover various practical situations and investigate the effect of the initial extension of the top nanotube above the substrate, we performed simulations for different values of FWHM (28, 56, 84 Å). During MD simulations, the middle part of the top CNT started to bounce on the bottom one while its ends were fixed on the substrate due to Van der Waals forces. In the absence of a strong damping mechanism, these oscillations would continue for a long time. One way to change this situation towards a relaxed structure was to set the velocity of the atoms to zero at a certain moment-which we will call the freezing moment from now on-and then let the structure relax again. We will discuss this point in more detail later.
First-principles simulations were performed to find the change in the electronic structure of the top nanotube as a result of its structural deformation. Since these simulations are computationally very expensive, the number of atoms that can be included in the simulation is limited. The intersection area between the two nanotubes experiences the most deformation as compared with other parts of the CNT. Therefore, for electronic structure calculations on the top CNT, only the intersection area and a few adjacent unit cells on each side were included and the effects of the bottom nanotube and the substrate were not considered. The length of the nanotubes which were simulated was 22.6 Å (in the straight form) and the number of atoms was 200 and 240 for the (5,5) and (6,6) nanotubes, respectively. Vitalli et al [1] have also demonstrated that the drastic changes in the electronic properties of CNTs in a cross configuration happen in the crossing region and its close vicinity; the nanotube restores its characteristics (semiconducting in the particular case investigated in [1] ) slightly away from the intersection. This further justifies our closer attention to the intersection area. Dangling bonds at each side were terminated with hydrogen atoms. The hydrogen atoms were relaxed, while the carbon atoms were kept fixed, using the Gaussian 09 software package [17] . The same software was used for density functional theory (DFT) simulations (using the B3LYP exchange-correlation functional with the 6-31G(d) basis set) for a range of applied electrostatic fields. The electric potential distribution in the structure (excluding the hydrogen atoms) was extracted and used in creating a three-dimensional, real space Hamiltonian. In simulation of nanotubes with the mentioned method (or other similar approaches), one should be careful about the effect of the hydrogen atoms added to cancel the dangling bonds. We tried to reduce their effects by simulating a sufficiently long portion of the nanotube and cutting out the hydrogen section when extracting the potential grid.
The transmission probability of electrons at different energies was calculated using a non-equilibrium Green's function approach with the above Hamiltonian built in a realspace basis. The self-energy terms were calculated using the method described by Appelbaum et al [18] . The magnitude of the current in the device at room temperature at different applied electric potentials was calculated using the LandauerButtiker formula [19] :
In the above, f 1 (E) and f 2 (E) are the Fermi distribution functions of the contacts, T (E) is the transmission of the channel at energy E, q is the charge of an electron and h is Planck's constant. The detailed description of the current calculation method has been presented in [20] . It is noteworthy that although electron-electron interactions are considered in the energies calculated using the DFT method, Coulomb blockade is not explicitly taken into account in the electronic wave functions and thus not fully included in our treatment.
Results and discussion
MD simulations with different initial configurations were performed for both nanotubes ((5,5), (6, 6) ).
All MD simulations were performed at 1 K and with a 0.5 fs time step. An important question was how to choose the freezing moment (as defined above) and how it affects the final relaxed geometry of the CNT cross. To find a relaxed structure, an MD simulation, without any freezing, was first performed for each structure. The potential energy of the system was tracked as a function of time to find the moment at which the system has the minimum energy. The simulation was then re-run from the beginning, except the velocities of the atoms were manually set to zero at the freezing moment (the simulation step when the system has the minimum energy, as found above) and the structure was left to relax further. At the freezing moment, the structure was almost relaxed and the atoms moved only a very small amount during the subsequent relaxation. Structures with different initial FWHMs but freezing moments chosen using this process resulted in highly similar final relaxed configurations. The maximum height of the top nanotube reduced to 17.9 Å from the initial value of 20.2 Å for the (5, 5) and to 19.6 Å from 22.8 Å for the (6,6) structure.
The obtained structure is not necessarily the one with the global minimum of energy; however, it is one likely relaxed configuration.
To gain further insight we did another simulation with a freezing moment chosen at a point considerably different from the time when potential energy is at its minimum. This time, the final relaxed structure was noticeably different from the first one, with a significantly higher potential energy. Figure 1 shows the initial structure with FWHM equal to 56 Å and two structures relaxed under the two conditions mentioned. The structure in figure 1(c) has a kink but figure 1(b) is just deformed at the intersection. Figure 2 shows the change in the energy of the structure as a function of time during the MD simulations. As is shown, structures with different initial FWHMs go towards essentially the same minimum final energy if the freezing moment is chosen in the same manner for all of them, but changing the freezing moment can lead to a different structure.
The freezing moment can provide one way of incorporating the effect of the environment on the structure while it is relaxing. If the structure has the chance to go towards its global minimum energy (for example if there is enough thermal energy during relaxation), regardless of how the top nanotube touches the substrate at first during nanotube deposition or growth, the relaxed structure would be the same at the end. However, if there is not enough thermal energy, depending on the initial conditions, the structure could become trapped in a local energy minimum. As a final note on structure relaxation, it is worth mentioning that we also performed similar MD studies on (8,0) and (9,0) (zigzag) nanotubes and found very similar results: if the freezing moment was calculated and used as described above, the final structure was quite insensitive to the initial configuration.
After obtaining the relaxed structure, we proceeded to investigate the electronic transport characteristics of the top nanotube. Figure 3 shows the current-voltage characteristics for (5,5) and (6,6) CNTs , calculated using our transport solver described in section 2.
As seen in figure 3 , the current experiences an overall decrease as the deformation increases. The current through a straight nanotube increases with voltage starting at small voltages. In the case of the deformed tubes, there seems to be a voltage threshold below which the current is very low. Above the threshold, current increases with voltage in an almost monotonic fashion. However, a closer look at the current-voltage characteristics of the kinked structures reveals current oscillations with significantly higher relative strength than those observed in straight nanotubes ( figure 4) .
In an actual device made of metallic nanotubes, most of the voltage drop would be expected to be across the deformed region, with very little drop across the intact regions of the CNT. That is why we chose the upper limit of the applied voltage range to be in the order of a few volts (corresponding to typical voltages applied to such nanotube devices). The straight nanotube was simulated with the same voltages so we can compare the results.
Here a note is in order on thermal effects and electronphonon interactions, which we have not taken into account. The ranges of voltages and currents in our simulations are within a few volts and several microamperes, which correspond to the experimental reality of nanotube devices. The rise in the nanotube temperature due to such levels of power dissipation is typically low enough that nanotube failure due to heating is not a major concern in our study. As a result, although self-heating of the CNT is not considered in these simulations, we believe it would not change the results drastically and that the trends would still be the same had it been taken into account. CNTsubstrate interaction aids heat dissipation and so the currentvoltage characteristics of CNTs lying on a substrate are not affected by thermal energy generation as much as is the case for suspended nanotubes [21] . Nonetheless, we expect that electron-phonon interactions become more important, and our results become less accurate, as the applied voltage is increased (the far-right side of the I -V characteristics of figures 3 and 4). The current oscillations of figure 4 resemble those of a resonant tunnelling diode: indeed these oscillations seem to be due to quantized energy levels entering the energy range between the Fermi levels of the two contacts. The oscillations in the kinked (5, 5) CNT are closer to each other than are those of the kinked (6,6) nanotube. To explain this, we note that nanotubes with larger diameters show less rigidity and become deformed more easily [15] . This results in a more localized deformed region in a (6,6) cross and since the difference between the allowed energy levels is inversely related to the size of the confinement region, the current oscillations in a (6,6) nanotube are spaced further apart than the ones in a (5,5) nanotube.
To investigate the origin of these oscillations we explored the electron density profile along the top CNT. Using the ab initio simulation results, the electron density on a threedimensional grid was extracted. Summing the values of the points on each cross sectional plane gives us an estimate of how the electron density varies along the nanotube (shown as dots in figure 5 ). This figure shows the electron density for the straight, deformed and kinked cases ((6,6) nanotube) plotted using this scheme.
As can be seen, there is overall electron depletion in the intersection area in the top nanotube as a result of deformation. This effect becomes stronger as the deformation increases and the nanotube is kinked. The Mulliken charge distribution (figure 6) shows a clearly positive region in the intersection area, especially on the squeezed side. This depleted area is the main reason for the special current-voltage behaviour of the top nanotube in the cross structure. This area acts as a restricted p-type region between two metallic nanotube contacts. As a result, the potential energy landscape in this structure is very similar to that of two back-to-back diodes. The crossing between the curves corresponding to deformed and kinked CNTs in figure 3(a) can be explained by better alignment of energy levels in the depleted region with states in the contacts in one versus the other case at different applied voltages. For the kinked nanotube, the better alignment happens at 1.8 V, leading to a peak at this voltage and a subsequent decrease, whereas for the deformed one this is not the case and the current starts increasing beyond 1.8 V. The overall effect is that the two curves intersect at around 2.1 V.
It should be noted, however, that such a simple 1D description cannot explain the results entirely because of the complex, 3D nature of the variations of quantities like the electron density in the actual structure. To gain further insight into the device behaviour and its current-voltage characteristics, we investigated the molecular orbitals of the top nanotube at different energies to evaluate how their shapes varied and how these shapes in turn affected the currentvoltage characteristics. At higher applied voltages, the energy window between the Fermi levels of the contacts is larger Figure 7 shows this molecular orbital for both the straight and kinked cases. The straight nanotube orbital covers the whole body uniformly. In the kinked structure the coverage on the stretched part is sparse while the orbital covers the squeezed part (lower side of the nanotube) almost uniformly and much more densely compared with the lower side of the straight nanotube. This high coverage provides a strong conduction path, which leads to the corresponding current peak. In other words, the shapes of the orbitals suggest that current peaks in the kinked structure occur when the energy of an orbital with a high spatial coverage around the squeezed part of the tube comes between the Fermi levels of the contacts. Of course this effect is not as obvious in all orbitals and what really determines the electrical behaviour is the aggregate effect of all the orbitals. Nonetheless, this example gives us insight into the transport mechanism. For larger armchair nanotubes, a more localized deformation is expected because of their lower rigidity, which would result in higher separation between quantum energy levels in the deformed region. Zigzag nanotubes have been shown to be stiffer against becoming kinked compared with armchair nanotubes [8] , but at the same time they are more sensitive to mechanical alterations [5] . Overall, in all the cases, because of the extremely small size of the region that is considerably affected in a cross structure, quantum effects are expected to play a major role in electronic transport, independently of the size and chirality of the host nanotube. These effects are expected to be observable even at room temperature. Depending on the strength of the various mechanical perturbations (strain, cross sectional deformation and bending), the extract results would vary in each case.
Conclusions
Carbon nanotube cross structures consisting of armchair nanotubes were investigated. Molecular dynamics simulations showed that there exist multiple viable structures. Depending on the chosen process for relaxing the structure, different relaxed structures can be obtained. If the structure is frozen at its lowest energy point during simulation, the final structure is independent of the initial one.
Room temperature current-voltage characteristics of the top CNT in the cross show drastic changes in comparison with a straight nanotube. Current is suppressed at low voltages and shows oscillations at higher bias values. Investigation of the top nanotube reveals that there is partial electron depletion in the intersection region and that area acts like a carrier confining well. When the allowed energy levels of this confined region enter the energy range between the Fermi energies of the contacts, the current increases significantly, resulting in oscillations in the current-voltage characteristics. These oscillations indicate the probable presence of a quantum dot in the cross structure.
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